This study evaluates the effect biochemical storage on the denitrification potential (N DP ) of acetate. The fate of bacterial storage is evaluated in a sequencing batch reactor system operated in a sequence of anoxic/aerobic phases, fed with acetate as a pulse and continuously under anoxic conditions. N DP is defined based on system stoichiometry both for direct growth and storage on acetate. Experimental results do not support conceptual calculations based on system stoichiometry, yielding a higher denitrification potential, N DP , for continuous feeding than the N DP obtained with pulse feeding, due to partial utilisation of the stored PHB within the anoxic phase. The nitrate, acetate and poly-b-hydroxybutyrate (PHB) profiles obtained in the experimental studies were used in model calibrations for two different feeding patterns. Results of model simulations confirm the experimental results and evaluate the effects imposed on the denitrification potential by sludge age and the anoxic volume ratio.
Introduction
Efficient denitrification requires mechanistic understanding and effective control of different environmental and operational conditions. Provided that full nitrification is sustained in the system, enough nitrate should be diverted and maintained under anoxic conditions so that denitrification may proceed to the desired level. The extent of available nitrate (N A ), may be manipulated with internal recycle for pre-denitrification or by means of different process configurations providing multiple anoxic phases (Artan et al., 2006) . In the case where N A is not limiting, denitrification is fully controlled by the denitrification potential (N DP ), a parameter that reflects the nitrogen equivalent of external and internal organic carbon sources that may potentially consume nitrate under anoxic conditions. Processes such as oxidation ditches or membrane bioreactors offer solely N DP -limiting operating conditions (Seo et al., 2000; Insel et al., 2007) .
Basic process stoichiometry and mass balance are commonly used to derive expressions defining N DP , with a number of simplifying assumptions regarding process stoichiometry, kinetics and substrate utilisation (Ekama and Marais, 1984; Orhon and Artan, 1994; Artan et al., 2002) . In fact, these expressions incorporate heterotrophic yield and endogenous decay coefficients which need to be defined differently for anoxic and aerobic conditions (Orhon et al., 1996; Avcioglu et al., 1998) . Recently, Sözen et al. (2002) provided a more elaborate approach, emphasising different COD fractions and defining the relative impact of the readily and slowly biodegradable substrate together with endogenous respiration on N DP . Resulting expressions rely on the assumption that substrate utilisation is entirely due to direct microbial growth. This assumption, although valid for most continuous-flow activated sludge operation, does not apply for systems where external substrate is first converted to biochemical storage products .
A sequencing batch reactor (SBR) operates with intermittent feeding and therefore, it offers the flexibility of controlling and manipulating the wastewater feeding regime from pulse feeding to continuous feeding extending throughout the whole process phase. Previous studies indicate that biochemical storage prevails for relatively short feeding times, while direct growth on available external substrate also occurs under prolonged feeding (Majone et al., 1998; Beun et al., 2000; Dionisi et al., 2001; Martins et al., 2004; Ciggin et al., 2007) . In this respect, the SBR has the operating ability to sustain the optimal biochemical processes for effective nitrogen removal. In this context, the major objective of the study is to evaluate the effect of biochemical storage on the denitrification potential. For this purpose, acetate is selected as the external carbon source for simplification and the fate of biochemical storage is experimentally evaluated in an SBR operated in a sequence of anoxic/aerobic phase fed with pulse and continuous flow patterns during the anoxic phase. Model evaluation, after appropriate calibration of the experimental data, is carried out to illustrate the effect of operating parameters such as the sludge age and in particular the anoxic time ratio T AX /T E on the utilisation of storage products and the resulting N DP .
Conceptual evaluation
Process stoichiometry may be used to derive expressions defining N DP of acetate separately for each microbial process. For systems where it is used for direct growth, the following expression gives the N DP related to growth, N DPG , with the assumption that all acetate is depleted and the yield coefficient is reduced to Y HD within the anoxic phase:
N DP related to endogenous respiration, N DPE , is the second component, if a growth/endogenous decay model as shown in the matrix format in Table 1 is adopted for simplicity. N DPE may be expressed as follows, taking into account that only the portion of endogenous respiration within the anoxic phase contributes to N DP and similar to the yield coefficient, the endogenous decay rate, b H , is reduced by a factor, h E in the anoxic phase.
where 
Then, the overall denitrification potential for direct growth, N DP1 is:
This expression need to be arranged as follows for SBRs as the anoxic volume ratio (V D /V) should be replaced by the anoxic fraction of the effective cycle time (T AX /T E ) and u X by the effective sludge age, u XE (Artan et al., 2001):
and
For activated sludge systems favouring biochemical storage, acetate is first converted to storage products, mostly poly-b-hydroxybutyrate (PHB), which are then utilised for growth. Based on a simplified version of ASM3 (Gujer et al., 2000) as outlined in Table 1 , the following expression defines the N DP associated with the two stage substrate utilisation, with the assumption that storage products are totally depleted within the anoxic phase:
N DP associated with endogenous respiration, N DPES , may be similarly expressed as follows:
The resulting overall N DP2 arranged for SBRs becomes:
Comparing the first terms in Equations (7) and (12) in view of the fact that the N DP fractions associated with endogenous respiration are relatively low and quite comparable, it appears that the most efficient metabolic route would be to convert external substrate first to storage products, mainly poly-b-hydroxybutyrate, (PHB), for acetate, for denitrification (Majone et al., 1998; Beun et al., 2000) . However, if substrate is stored inside the cell, its utilisation may partly take place in the following aerobic phase, in case the anoxic period is not sufficient enough to total depletion of both external carbon source and the stored material. This may result in a relatively lower N DP , since Equation (12) may not reflect the true picture for systems favouring biochemical storage.
Materials and methods

SBR experiments
A laboratory-scale sequencing batch reactor (SBR) was operated at steady state with an initial volume of 2 L and total volume of 4 L. Two different feeding patterns were applied with a total sludge age of 8 days, one operated with a short pulse feeding at the beginning of the anoxic phase for 1 min and the other was continuously fed throughout the anoxic phase, at a constant flow rate of 2.67 mL/min. Total cycle time was 4 h with all the necessary phases such as anoxic and aerobic phases, waste sludge withdrawal, settling and effluent discharge, within the cycle, as given in Table 2 . A more detailed account of the experimental results is reported by Ciggin et al. (2007) .
Modelling studies
Related literature states that when pulse feeding is applied, substrate storage response is observed as the main substrate utilisation mechanism (van Aalst- van Leeuwen, et al., 1997; van Loosdrecht et al., 1997; Krishna and van Loosdrecht, 1999) . Activated Sludge Model No. 3, ASM3, (Gujer et al., 2000) includes substrate storage concept, where all readily biodegradable substrate is first stored inside the cells and then storage products are used for growth, as shown in Table 1 . In cases where substrate is continuously fed to the system, microorganisms can optimise the biochemical mechanisms to directly grow on available external substrate without storage. ASM1 (Henze et al., 1987) is the commonly accepted model incorporating direct growth behaviour. In this context, the modelling studies are carried out according to ASM1 for continuously fed systems and according to ASM3 when pulse feeding is applied.
Experimental results
Experimental assessment of N DP values
During steady-state operation of the SBR acclimated to pulse feeding, storage response was observed as the main initial substrate utilisation mechanism, in accordance with results given in the literature (van Aalst-van Leeuwen et al., 1997; van Loosdrecht et al., 1997; Krishna and van Loosdrecht, 1999; Beun et al., 2000) . As shown in Figure 1 (a) acetate was totally converted to PHB during the anoxic phase, while PHB utilisation for growth continued in the following aerobic phase. In the SBR operation acclimated to continuous feeding, no significant storage was observed as shown in Figure 2 (a). A more detailed evaluation of this observation is reported by Ciggin et al. (2007) . The experimental results showed that when the system was fed with a pulse of acetate to supply 192 mg COD/l of HAc to the reactor, 20 mgCOD/l PHB, which consists of nearly 18% of the PHB stored in one cycle, is carried on to the aerobic phase, yielding a denitrification potential of around 43 mgN/l. However, when the system was fed continuously with the same amount of acetate the PHB pool in the system was nearly constant during the cycle, acetate was totally utilised at the end of the anoxic phase and the corresponding N DP was around 49 mgN/l. Thus, these results point out that the denitrification potential of continuously fed SBR becomes higher than the pulse fed SBR for the same amount of substrate utilised, due to PHB carry-over to the aerobic phase.
Model calibration of experimental data
Model calibration studies were conducted on the data obtained from SBR operations using AQUASIM computer program (Reichert et al., 1998) . As a result of the calibration studies, kinetic coefficients were determined for the best fits and the stoichiometric values were obtained from the study of Ciggin et al. (2007) . The values presented for continuous feeding in Table 3 can be compared to the default values of ASM1 (Henze et al., 1987) and the coefficients for pulse feeding can be compared with the default values of ASM3 (Gujer et al., 2000) . All of the estimated parameters differ significantly from model default values suggested for domestic sewage.
Model evaluation of denitrification potential
The denitrification potential of an SBR system is determined by sludge age, u X , the effective time ratio (T E /T C ) and the anoxic fraction of the effective cycle time (T AX /T E ), together with the influent wastewater characteristics, i.e. the readily biodegradable COD fraction and the kinetic and stoichiometric model parameters. In this context, the effect of operating conditions, such as sludge age, u X , T E /T C and T AX /T E ratios are the only available parameters to manipulate the N DP in an SBR system. The effect of sludge age was determined with model simulation for sludge ages of 5, 8 and 15 days, with T E /T C and T AX /T E ratios selected as 0.5, as given in Table 4 . N DP values assessed via modelling were 36.2 and 42.5 mgN/l for pulse and continuously fed SBRs, respectively, whereas the corresponding values based on conceptual calculations were 51.2 and 39.6 mgN/l for the applied operating conditions of the SBRs, i.e. sludge age of 8 days. Hence, all the results in Table 4 show that N DP values obtained for pulse feeding are far below the conceptual calculations, because PHB is only partly removed during the anoxic phase and a significant carbon source is carried on to the aerobic phase. The slight differences between N DP values obtained with modelling and conceptual calculations for continuously fed SBR are due to the difference in the reactor MLVSS when calculated with steady-state approach and dynamic modelling, since the biochemical processes occurring during the idle and fill phases in the beginning of SBR cycle are not taken into account in conceptual calculations. Table 4 also shows that the changes in N DP for continuously fed SBR with changing sludge age is more than that of pulse fed SBR, since a higher amount of heterotrophic biomass is sustained in the system. The increasing sludge age in the pulse fed SBR results in some increase in N DP but the system is less sensitive to changes in sludge age, while the amount of utilised storage products is a more effective parameter on the denitrification potential of the pulse fed system. Besides sludge age, the anoxic time ratio (T AX /T E ) affects N DP since the ratio sets the amount of substrate consumed in anoxic phase. Modelling studies were conducted to substantiate the effect of different T AX /T E ratios for a sludge age of 8 days ( Table 5 ). The resulting changes in N DP in the pulse fed SBR system for different T AX /T E ratios are shown in Figure 3 (a) and the corresponding acetate and PHB profiles are presented in Figure 3 (b).
According to Figure 3(a) , increased T AX /T E ratios are favourable for the achievement of high nitrate removal in pulse fed SBR, since the increase in T AX /T E ratio supplies the necessary time to the system for the utilisation of stored polymers, as shown in Figure  3(b) . On the other hand, if the T AX /T E is increased, then the time allocated for nitrification may not be sufficient to supply the necessary nitrate for denitrification and, therefore, the denitrification potential would be limited by the electron acceptor concentration in the reactor. For continuously fed SBR, the rate of utilisation of substrate is slower than the rate of feeding at decreased T AX /T E ratios and thus, the acetate can not be totally consumed for denitrification.
Conclusions
The results in this study confirm earlier studies to show that denitrification proceeds at the expense of PHB storage and subsequent utilisation of stored PHB in a sequencing batch reactor system fed with acetate as a pulse. Under continuous acetate feeding, denitrification becomes associated with utilisation of acetate for direct growth. Experimental results do not support conceptual calculations based on system stoichiometry, yielding a higher denitrification potential, N DP , for continuous feeding than the N DP obtained with pulse feeding, due to partial utilisation of the stored PHB within the anoxic phase. This observation leads to the conclusion that PHB storage with pulse feeding causes insufficient utilisation of the external carbon source, due to the time limitation of anoxic phase. Model simulation using kinetic data derived from calibration of experimental results indicate that increasing the sludge age causes an increase in N DP , much higher under continuous feeding as compared to pulse feeding. Similarly, an increase in the T AX /T E ratio increases PHB utilisation and therefore the resulting N DP , which always remains lower than that generated under continuous feeding. Low T AX /T E ratios also cause partial utilisation and carry over of acetate to the following aerobic phase, leading to slightly lower N DP than what is predicted by means of process stoichiometry.
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